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Abstract 



We study some possible astrophysical implications of a very weakly coupled ul- 
Ph 1 tralight dilaton-type scalar field. Such a field may develop an (approximately stable) 

network of domain walls. The domain wall thickness is assumed to be comparable 
with the thickness of the luminous part of the spiral galaxies. The walls provide 
trapping for galactic matter. This is used to motivate the very existence of the 
spiral galaxies. A zero mode existing on the domain wall is a massless scalar parti- 
cle confined to (1 + 2) dimensions. At distances much larger than the galaxy/wall 
thickness, the zero-mode exchange generates a logarithmic potential, acting as an 
additional term with respect to Newton's gravity. The logarithmic term naturally 
leads to constant rotational velocities at the periphery. We estimate the scalar field 
coupling to the matter energy-momentum tensor needed to fit the observable flat 
rotational curves of the spiral galaxies. The value of this coupling turns out to be 
reasonable - we find no contradiction with the existing data. 



1 Introduction 



Many years ago, Zeldovich, Kobzarev, and Okun considered |1J a network of domain 
walls in the Universe, which inevitably develops provided the underlying theory has 
a spontaneously broken discrete symmetry, and came to the conclusion that such a 
network is ruled out because its existence would lead to an unacceptable cosmology 
(for a review and more detailed discussion see [0]). In this paper we revisit the issue 
of the domain wall network in a specific context of an ultralight dilaton field with an 
ultraweak self-interaction and a universal coupling to the matter fields. We show that 
such domain walls are not only compatible with experiment, but they may be used 
to explain salient features of the observed world - the flatness of the spiral galaxies 
and the constancy of the rotational velocities at the periphery of the spiral galaxies. 
Our suggestion can be summarized as follows. The mechanism to be discussed below 
provides a light trapping for the galactic matter. One or several spiral galaxies may 
be embedded in one wall. The transverse width of the luminous disk of the galaxy 
(which includes the major part of dark baryon matter) is of the order of the width 
of the domain wall, which is, in turn, of the order of the inverse mass of the dilaton, 
A ~ m^ 1 ~ 10 20 cm. At distances much larger than the disk thickness, L ^> A, 
the domain wall can be approximated by a two-dimensional surface. There is a 
scalar field which is confined to and propagates along this surface. The existence of 
this 2+1 dimensional massless scalar is an unavoidable consequence of the presence 
of the wall itself (the zero mode). The zero mode exchange at distances L ^> A 
gives rise to a logarithmic modification of the gravitational potential, so that the 
rotational velocities are constant at distances of a few dozen kiloparcecs, as required 
by observations. 

Our model includes the usual fine-tuning of the cosmo logical constant. We have 
nothing to add in this respect, and assume that the cosmo logical constant is somehow 
fine-tuned to fit the current estimate, 

£<;(10- 3 eV) 4 . (1) 

The extremely small dilaton mass and couplings are then automatically protected by 
Eq. ([!]) against renormalizations due to virtual matter fields propagating in loops. 
Quantum gravity loops may pose a problem, see Sec. 2. 

2 Ultralight Scalars 

Fundamental particle physics theories often deal with some very weakly coupled 
massless scalar particles, such as dilatons or other moduli. Usually there are dy- 
namical reasons which protect the masslessness of these fields. As long as they stay 
massless they could mediate gravity-competing forces. This requires the strength of 
their interactions to be adequately suppressed. 
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Although the massless limit is a useful theoretical laboratory, in actuality, the 
dilaton-type fields cannot remain massless - for stabilization a mass term has to 
be generated. Usually, the mass generation (moduli stabilization) is attributed to 
some nonperturbative physics responsible for supersymmetry (SUSY) breaking. In 
view of quantum corrections, it is naturally to expect then the mass in the ballpark 
m ~ M^ VSY /Mp, where Msusy is the scale of supersymmetry breaking and Mp is 
the Planck mass. Since, M SU sy ^ 1 TeV, the mass comes out > 10 -3 eV. 

For the applications to be discussed below we will need a much lighter scalar 
field. A priori it is not difficult to imagine the existence of a field with the bare 
mass 



where g is some coupling constant, g <^ 1. If, for instance, g ~ 0.8, then we get 
m ~ 10~ 33 GeV (our favorite number, see below). The problem is that the bare 
mass that small will not be protected from huge renormalizations in loops. In the 
full interacting quantum theory, if there is no special reason, the scalar mass will 
be shifted towards the natural estimate ~ Mf USY /Mp by loop corrections. The 
question is whether there exists a set-up that would naturally protect a scalar field 
from renormalizations. 

One can pose this question at two different levels. First, one can switch off gravity 
and consider loops generated by virtual particles of the Standard Model or other 
fields that may be present in extensions of the Standard Model (these quantum 
corrections will be referred to as SM loops). We found a mechanism protecting 
against these SM loops. A model will be presented below in which the mass and 
coupling constants of a universally coupled scalar field are protected in a natural 
way. 

At the next level, one can start bothering about gravity-generated loops. Gener- 
ally speaking, the mass of any elementary scalar field is not protected from renormal- 
izations by quantum gravity loops. Thus, a protection against the quantum gravity 
loops may be needed - perhaps, a fine-tuning of a special kind. Since quantum 
gravity is not yet a closed theory, we will not ask in the present paper what is the 
precise nature of this protection, but, rather, focus on astrophysical consequences 
of an ultralight universally coupled scalar field. 

(Let us parenthetically note that an obvious possibility is to assume that the 
scalar field in question is a composite one, with a very low compositness scale.) 

The model we suggest is as follows. Consider a field theory which has both 
dimensionless and dimensionful parameters (the latter include, in particular, the 
physical masses as well as the ultraviolet regulator masses). In spite of the presence 
of the dimensionful parameters, one can make the theory scale- invariant if every 
parameter of mass dimension v is multiplied by 




(2) 




(3) 
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where is a dilaton field. The scale transformation 



$ -> $ • (/t)- dim * , (4) 

where $ is a generic field and dim$ is its dimension, must be supplemented by a 
shift of the dilaton field, 

-» + M* In re . (5) 

The scale invariance is then obvious. 

As long as the scale invariance is unbroken, the effective Lagrangian of the dilaton 
field, all loops included, must be proportional to 

e exp . (6) 

If the vacuum energy density e is fine-tuned as in Eq. ([]]) and M* > Mp (as will 
be the case, see below), the loop renormalizations of the quadratic, cubic, quartic, 
etc. terms in the dilaton field will be negligibly small, automatically. When we 
give a mass to the dilaton field, and some self-interactions, we explicitly break the 
scale invariance in the dilaton sector. If the coupling constant is sufficiently small, 
however, this breaking will not lead to large renormalizations either. A typical 
constraint is 

AM s 2 USY <m 2 , (7) 

where A is a quartic coupling constant. Equation (0) implies that A <C 1CT 72 . In 
fact, in our model A is many orders of magnitude smaller than the estimate above. 

The coupling of the dilaton field under consideration to matter is universal, 
through the trace of the matter energy- momentum tensor 6^, 

We will refer to any such 0's as the dilatons.Q In this language, say, the loop cor- 
rection to the dilaton mass is determined by the zero-momentum two-point function 
of 0£'s 

(M*)~ 2 ( d'x mx) C(0) ) = (M,)- 2 (-4) m . (9) 



1 Note that the string theory dilaton does not have such a property and, unless it is heavy, 
gives rise to the violation of the equivalence principle even in the nonrelativistic approximation j3| . 
We will not deal with the string dilaton, but, rather, concentrate on a hypothetical dilaton which 
couples universally to the trace of the matter energy-momentum tensor. This latter can lead to 
the equivalence-principle violating effects in relativistic experiments (see below). 
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The proportionality of this correlator to the vacuum expectation value of 6^ is a 
consequence of the scale Ward identity Q. Therefore, the mass renormalization is 
proportional to the cosmo logical constant, 

A ( m d) ~ e l M l > (10) 

and can be neglected provided the cosmological constant is fine-tuned to its empiric 
value. 

In this way, we naturally arrive at an ultralight scalar;^ its Compton wavelength 
may be of the astronomical (galactic) size ~ 10 20 cm (corresponding to the mass 
ma ~ 10~ 33 GeV). The parameter M* will be fitted below to generate the observable 
value of the tails of the rotational curves in the spiral galaxies, 



M,~^fp, (11) 

where Mq is the mass of the baryon matter in galaxy, Mq ~ 10 68 GeV, and C 
is a dimensionless constant of the order of several units times 10~ 7 (see Sec. 4). 
Numerically, Eq. ([TTJ) implies that M* is 10 to 100 Planck masses. It is remarkable 
that a constant of the Planck scale emerges from such macroscopic quantities as the 
galactic mass and its width A ~ m^ 1 ~ 10 20 cm. 

At distances much less than A the dilaton can be considered as massless; it will 
provide a long-range force competing with the Newton gravity, with a different vertex 
structure (the scalar rather than tensor exchange). Needless to say that this violates 
the equivalence principle in relativistic gravitational measurements. Therefore, its 
coupling must be sufficiently suppressed. We will discuss this issue at length below. 
Here we only note that if the parameter M* is larger than 

Ml > (10 3 - 10 4 ) Mj,, (12) 

the effects of the equivalence principle violation are below the currently observ- 
able level. Remarkably, the very same value of M* emerges from the domain wall 
explanation of the constant tails of the rotational curves. 

In the present paper we will adopt a pragmatic approach and study astrophysical 
implications of such very weakly interacting and extremely light dilaton field(s) 
universally coupled to the trace of the energy-momentum tensor, without speculating 
on its possible origins or trying to explain, from first principles, why its mass might 
lie in the ballpark of 10~ 33 GeV. We will postulate a specific shallow self-interaction 
potential. It must exhibit a discrete symmetry, which will be spontaneously broken 
in the vacuum state. Then a network of domain walls can develop. As we will see, 
this may lead to trapping of the galactic matter within the wall world-volume and, 
in addition, to a logarithmic long-range interaction potential on the surface of the 
domain wall. Our goal is to explore whether such set-up can provide an explanation 



2 Mind the issue of gravity loops, see above. 
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for the existence of the spiral galaxies and for the constancy of the rotational curves 
of the spiral galaxies. Before passing to astrophysical aspects, we briefly review 
domain walls in field theory. Our purpose is to formulate what is needed from the 
dilaton sector to produce the domain walls of the required type. 



3 Domain Walls 

To begin with, let us assume that we deal with one real field 0, and switch off the 
gravitational coupling. The above simplifying assumptions allow us to present the 
main idea without inessential complications. After the mechanism is presented, we 
will consider a two-field model and will switch on the coupling with gravity. 

Let us consider the simplest possible Lagrangian leading to domain walls (for a 
review of domain walls in the given context, see e.g. Ref. 0), 

£ = l(d^) 2 - ~ 2 - V 2 Y ■ (13) 



2 v p T ' 2 

As we will see below, this Lagrangian is not quite realistic; a more involved model 
is needed to ensure both, the matter trapping and the proper logarithmic poten- 
tial. However, the simple Lagrangian below demonstrates the main idea in terms of 
analytic expressions (while in more realistic cases only numerical solutions can be 
given) . 

We temporarily drop interactions of with the matter fields. The classical 
equations of motion of this system possess a solution in the form of a domain wall 
stretched in the x, y plane, 

4> c \{z) = 7] tanh (V\ r] z^j . (14) 

The 4> mass m and the wall tension cr^w are 

2V\rj, (7 DW = 4VAt7 3 /3 . (15) 



m 



Let us consider perturbations around this solution. It is well known that there 
exists a massless mode p which lives on the wall worldvolume. This can be expressed 
as follows: 

(j)(t,x,y,z) = (f) c i(z) + * — ^ Z p(t,x,y). (16) 

^odw dz 

One can check that p satisfies the equation of motion for a free massless (2+1)- 
dimensional scalar field, 

- d 2 x - d 2 y ) p(t,x,y) =0. (17) 

Therefore, the field p, when coupled to matter appropriately, mediates logarithmic 
potential between sources located on the domain wall, 



p(0,x,y) p(0,0,0) ) ~ ln^x 2 + y 2 
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Figure 1: The bell-shaped profile of the field modulus. 



The logarithmic potential at large distances takes over the Newtonian 1/r, with 
necessity, and generates a constant component in the average rotational velocity 
(i.e. a component which does not fall off with the distance r). From this point of 
view, the domain wall built from one real scalar field is perfectly sufficient. What 
makes us consider more complicated dilaton sectors? 

There are two reasons. First, we would like the walls to act as a natural trap for 
matter. Given the profile of the field in the wall of the type ([Til) we see that the 
coupling (§) leads to a monotonous variation of the nucleon masses - the nucleons 
are slightly heavier on one side of the wall and slightly lighter on the other. This is 
not what we want. We want them to be lighter inside the wall, and heavier outside. 
To this end the profile of the field coupled to 9£ must be of the type depicted on 
Fig. 1. 

It is not difficult to achieve such a profile in two-component models, where, in 
fact, it is quite typical. Assume we have two real fields, and Xi the "primary" 
domain wall of the field is of the type fll4l) , and it forces a structure in the x fi e ld 
of the type 

Xcl(z) OC r (19) 

cosh [mz) 

to develop. This is the case, e.g., in the potentials of the type 



V((f>, X )= f^-VA0 2 -a X 2 J a,/3>0, (20) 

which were recently considered in a different context. The maximal \ x\ is achieved 
at the point right in the middle of the wall, where = 0. Denote this maximal 
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value by rj x . For our purposes it is necessary that 77 <C T] x while m x <C where 
much less can actually mean a factor of several units. 

Assume that both, x an d 4> are universally coupled to the trace of the energy- 
momentum tensor, 



AAnt= ir + ir K, (21) 




and the constraints above are satisfied. 

The main virtue of this set-up is the possibility to trap the galaxy matter inside 
the domain wall. Since 77 <C T] x the main role in the trap is played by the x field. 
The matter interaction (|21| ) is such that nucleons are lighter inside the wall. This 
can be viewed as a shallow potential |7j for particles which constitute the galaxy. 
The galaxy matter is naturally lightly trapped. The relative nucleon mass variation 
inside/outside can be easily estimated to be 5M/M ~ 1CT 9 to 1CT 10 . The corre- 
sponding escape velocity in the direction perpendicular to the wall (galaxy) plane 
is 3 to 10 km/sec. 

At the same time, since m x <C the zero-mode mediating logarithmic potential 
will be predominantly associated with the field 0, rather than x- We need this to 
be the case since it is d<p/dz that has the proper bell-like shape, rather than dx/dz. 
The bell-like shape of the zero mode is needed in order to ensure such (logarithmic) 
attraction of the distant bodies in the galaxy lying inside the domain wall which 
would be (approximately) independent of the position of the body in the transverse 
direction. The profile of dx/dz is inappropriate for that purpose. 

Another reason for playing with more sophisticated dilaton sectors is the desire 
to have a network of domain walls with the stable wall junctions. The stability of 
the wall junctions cannot be attained in the simplest Z2-based models. 

In order to produce the junction solutions one should start from a more compli- 
cated Lagrangian for a scalar field, with some Zjv symmetry. A simplest possibility 
along these lines would be to start from a Z 4 symmetric potential for a complex 
scalar field <p, 

V(<fi + ,<p) = ~ ^ ■ (22) 

p 

There are four minima described by this potential: ip v3uC = 77 exp (i2irk/4) , k = 
0, 1, 2, 3. The original Z 4 symmetry is spontaneously broken in any of these four 
vacua. As a result, Z 4 domain walls and junctions could form (see Fig. 2). Each 
wall in the junction can move along the transverse direction. Hence, there are 
zero modes on each of them. These latter remain to be zero modes as long as 
gravitational interactions are neglected. (The corresponding mixing of the zero 
modes with gravitons is discussed below; it turns out to be unimportant.) 

The idea is that the spiral galaxies will be located on the links between the 
junctions. On the other hand, the junction points can be used to create centers for 
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Figure 2: A network of domain walls with immersed galaxies. 

elliptic galaxies. Of course, we imply that in the realistic situation the domain wall 
network is more like a soap foam than the regular lattice of Fig. 2. 

So far, in discussing the wall structure we ignored the facts that the dilaton fields 
are coupled to gravity and to matter, i.e. we ignored the back reaction of matter on 
the walls themselves. 

What changes when the interaction of the scalar field with gravity is switched 
on? Had we an idealized case of a single wall with a single galaxy on it, then the 
regions of the wall where there is no galaxy matter (i.e., far away from the galaxy 
disc along the wall) would inflate with the following line element [^, 

ds 2 = (1-H \z\) 2 dt 2 - dz 2 - (1-H \z\) 2 e 2Ht (dx 2 + dy 2 ) . (23) 

The inflation would be governed by a Hubble parameter which is defined as H ~ 
GatCTdw- Below we will argue that the wall tension o"dw must be smaller than 

ffow < 1(T 5 GeV 3 , 

so that H <C 10 -43 GeV. Therefore, the horizon in the z direction, which is due to 
the Rindler type metric of the domain wall, would be well beyond our true horizon. 
In reality, however, there are other domain walls and other galaxies surrounding the 
wall, so that the aforementioned inflationary line element is not applicable. 

Another important gravitational effect is the mixing of the {zm} components 
(m = x, y) of the graviton with the zero mode of the <fi field on a (2 + l)-dimensional 
wall worldvolume, which, in principle, leads to a "mass" of the graviton inside this 
layer. Let us show that this effect is so small numerically that it can be safely 
neglected at distances of the size of the galactic disk or larger. 
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The mixing term emerges due to the interaction 

J dz <T d v <f> . (24) 

When one of the 0's is substituted by the classical solution (|14D , this term gives 
rise to an effective (2+l)-dimensional mixing of p with the vector component of the 
metric ( "graviphoton" ) , 

A m (t,x,y) = JW d [ A/2 dz g mz (x,z) M P , m = 0,1,2. (25) 

J-A/2 

This (2+l)-dimensional mixing takes the form 

m d irr Am (t,x,y) dm P(t,x,y) . (26) 

IVl p 

The graviton propagation along the wall worldvolume is modified due to this mixing 
term.0 This leads to the constraint 

V « M P , (27) 



L 

where L denotes the longitudinal size of the galactic luminous disk, or any appropri- 
ate distance along the wall. Since the ratio A/L is typically of the order 10~ 2 — 10~ 3 , 
the constraint ( p7]) is not stringent. We will see below that other considerations re- 
strict the value of r] much more severely. In fact, one can go to as large values of L 
as L ~ 10 27 cm without violating the constraint (27|). 



The last issue to be discussed in this section is the back reaction of matter on 
the wall. Certainly, this interaction distorts the wall profile. The easiest way to 
picture the distortion is to consider a single infinite domain wall on which a single 
finite-size galaxy disc is placed. Far away from the galaxy disc (along the wall) the 
effect of the distortion is negligible. As we come closer to the galaxy the distortion 
could become noticeable. The wall may swell but it cannot disappear; the trapping 
due to the x component of the wall is operative^. 



4 Application to Flat Rotational Curves 

One of motivations for the existence of dark matter is the experimental result on 
flat rotation curves of spiral galaxies ||. The measured rotational velocity v can be 
related to the classical interaction potential V(r) as follows: 

2 d Vij) , ^ 

v — r '°" M 



dr 



3 In addition, there will be induced terms for gravitons pj and gauge fields |l5| which could 
give rise to additional interactions [TJ, |T^]. However, these effects are negligible in the present 
case due to the low density of the galaxy and domain wall matter. 

4 The domain wall profile will also be distorted with respect to that of the galaxy matter, 
because the domain walls and the matter density follow different laws of the cosmological expansion. 
However, these effects are negligibly small in our model. 
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Experimental data || show that the velocity squared (after subtracting from it the 
part due to the Newtonian attraction) is nearly constant at distances much larger 
than the radius of the galaxy disk, 

v exp ~ constant . (29) 

The conventional Newton potential, V(r) ~ Mq/t, with the constant galaxy mass 
M G does not satisfy (|28| ) provided that ( |29| ) is valid. A standard way out is to 
assume that there is a halo of dark matter which surrounds the galaxy disk, with 
the density distribution decreasing as ~ 1/r 2 . As a result, the total mass Mq is 
raising linearly with r as long as we are inside the dark matter halo, and (|29|) is 
fulfilled. 

Dark matter can have a few distinct components. The density of luminous matter 
is estimated to be Q\ um ~ (0.003 — 0.006) . On the other hand, Big Bang Nucle- 
osynthesis (BBN) predicts the baryon density in the ballpark (for discussions, 
see, e.g. [[0J) : ~ (0.015 — 0.16) . Since Q\ um < Qb, there is a substantial 
amount of dark baryon matter in the Universe. 

It is believed that there is at least one additional very important component of 
dark matter, cold dark matter (CDM). CDM seems to be necessary for successful 



structure formation [pT| . Although, the CDM could be providing dominant compo- 
nents in the elliptic galaxies, it is not excluded that the mechanism for flat rotational 
velocity curves of spiral galaxies is different. In particular, we explore below the pos- 
sibility that flat rotational curves in spiral galaxies are due to the same domain walls 
which trap the galaxy matter in the disk plane. 

Let us now discuss dynamical aspects of our mechanism in more detail. The log- 
arithmic correction to the potential at galactic scales does explain the flat rotational 
curves, 

SV(r)\ 

few kpc ~ Clnr, (30) 
where C ~ v 2 . The logarithmic potential obviously satisfies Eq. (|28|) with the 



asymptotically constant velocity. In our galaxy v ~ 220 km/s, hence 

C ~ 5 x 10~ 7 . (31) 

In general, v ~ (60 to 300) km/s and, thus, C ~ (10~ 8 to 10~ 6 ). 

The authors of Ref. [[L2| argue that the modified potential can arise due to a 
change of general relativity (GR) at galactic scales. (A typical galactic size is of 
the order of several units times 10 22 cm. We take its thickness outside the central 
domain, the bulge, to be of the order of 10 20 cm.) Eventually this interesting pro- 
posal might find some theoretical ground. At present, we are aware of no possibility 
for constructing a theoretically and phenomenologically viable modification of GR, 
which would give rise to such a potential. However, the logarithmic interactions can 
be obtained from domain walls, as we argued above. Let us estimate the force due 
to this logarithmic potential. The new term generates an interaction of the field p 
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with 9%, an effective "three-dimensional" energy-momentum tensor measuring sur- 
face energy density in the galactic disk, 

£f nt ~ - l — t p & =gpk, (32) 



where 



1 1 ,,,2U ^ 



A = 7 = 10 2U cm, 9 = \^, 0£~0£A. (33) 

Here, A is the wall thickness, of the order the transverse width of the luminous 
disk. Let us make a comment here. When we go to the distances which are larger 
than the disk diameter the interactions along the disk plane are mediated by the 
exchange of a zero- mode field p. All other (2 + l)-dimensional massive modes of the 
<f> field are decoupled at those distances. However, at distances which are smaller 
than the disk diameter, at the solar system distances for instance, all those massive 
states give rise to sizable contributions. The net result of these states is equivalent 
to the exchange of a single (3 + 1) dimensional scalar mode <fi. This exchange is 
suppressed by 1/M* and its effect is negligible for the solar system data. 

We come to the following scenario. At the scale of distances less than the galactic 
thickness (i.e. <C 10 20 cm), in particular, in the Solar system, the impact of the field 
reduces to a small (1CT 3 to 10~ 4 , see below) correction to the Newtonian law. 
This correction shows up in the form of discrepancy between the measurements for 
the static and relativistic matter (e.g. light deflection). At such distances the mass 
of the quantum can be neglected, and it acts as a massless 3+1- dimensional field. 
This field couples to the galactic matter with yet-to-be-determined coupling 1/M*. 

However, at distances 3> A, in particular at distances of the order the galactic 
disk size or larger, one can neglect the thickness of the galactic disk/domain wall. 
Then, p behaves as a 2+1-dimensional excitation that mediates the logarithmic 
potential, 

SV(r)\ icw kpc ~ M G g 2 \nr . (34) 

Using the known value of the rotational velocity we find 

M G g 2 ~ C ~ 5 x 1(T 7 . (35) 

This can be used to determine M*. Using the mass of the luminous galaxy for Mq 
one would underestimate M*. Instead, we take into account dark baryon matter in 
the galaxy disk. This gives (see Eq. (11)) 

Ml ~ (lO 41 - 10 42 ) GeV ~ (lO 3 - 10 4 ) M 2 P . (36) 

Therefore, we conclude that the interaction of the four- dimensional scalar with mat- 
ter is sufficiently suppressed. It does not contradict the Solar system data such as 
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bending of light rays and precession of the Mercury perihelion which now are mea- 
sured to one percent accuracy 

The modification of the Newton law discussed above will lead to a peculiar 
"two-component" interaction between distant galaxies located inside distinct wall 
cells (Fig. 1). First, there is a conventional Newtonian attraction through the bulk 
(due to conventional four- dimensional gravitons). This is not the end of the story, 
however. In addition, our dilaton gravity will propagate through the domain wall 
network^. Consider, for instance, two galaxies on adjacent domain walls connected 
by a common junction. Assume the distance of each galaxy to the junction is R. 
Then each of the galaxies will experience an additional (non-Newtonian) attraction 
force towards the junction of order of (Mq/M*) 2 (R/\)~ 1 . This force falls off with 
the distance as the first rather than the second power of R. It becomes comparable 
with the Newtonian force at distances R ~ 10 4 A ~ 10 24 cm. If the number of the 
walls N joined in the given junction is large, say, iV ~ 10, the extra force will be 
further suppressed by 1/N because the force line flux approaching the junction from 
one wall, after the junction will be shared by N — 1 walls. This would shift the 
critical R even to larger distances, R ~ 10 25 cm. 

Typically distant galaxies will be separated by several (perhaps, many) junctions. 
If the number of junctions is k, the additional suppression factor one gets is (1/N) k . 

The "simulated" attraction of the galaxies to the junction will tend to distort the 
form of the junctions themselves. This effect can be easily estimated by comparing 
the energy (per unit area) added to the domain wall due to the dilaton gravity 
induced by the given galaxy, 

— (f A/ * Gey* , 

if R > 10 3 A ~ 10 23 cm. Since in our model the wall tension aow ^ 1CT 11 GeV 3 , the 
distortion is not drastic and can be neglected at the level of accuracy we maintain 
here. 

The next comment concerns the Tully-Fisher (TF) relation fI7| . This is a con- 
nection between the flat rotational velocity and luminosity L of a galaxy: L oc v a . 
The coefficient a is fit by the data and ranges for various galaxies in the interval 
a = (2.5 — 4). If the luminosity were a linear function of the galaxy mass Mg, the 
TF relation would give rise to the dependence v a oc Mg- This would certainly 
exclude our scenario, since the latter predicts v 2 oc Mg- However, the relation 
between the luminosity and the mass does not need to be linear. The total mass 
of the galaxy (without the CDM contribution) is composed of the luminous disk 
matter mass M^, the mass of the gaseous matter M g , the mass of the central bulge 
region of the galaxy Mb and, finally, of the dark baryon mass. Although the lu- 
minous disk mass could be linearly dependent on the luminosity, the other three 
components do not have to. Moreover, these components constitute a very impor- 
tant part of the galaxy mass. Just for the demonstrational purposes we present 

5 We are grateful to Tonnis ter Veldhuis who posed this question. 
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the mass contents of a few spiral galaxies (for detailed discussions, see, e.g. |18|j): 
(UGC2885, M g = 5.0 , M d = 25.1 , M b = 5.7), (iVGC5533, M g = 3.0 , M d = 

2.0 , M b = 17.0), (iVGC6674, M g = 3.9 , M d = 2.5 , M b = 15.5), (iVGC5907, M g = 

1.1 , M d = 7.2 , Mf, = 2.5). All masses here are given in the units of 10 10 Mg un . 
Therefore, it is conceivable to assume that the relation v 2 oc Mg, predicted by the 
present scenario, does not contradict the known data. 

So far we assumed that only a single galaxy disk can be embedded in a given 
domain wall. However, this condition is not necessary. For instance, one could 
imagine a pair of nearby galaxies which are rotating with respect to each other 
inside one and the same domain wall. If so, there is an additional logarithmic force 
between them due to the exchange of p. Due to this logarithmic force, the nearby 
binary galaxies would seem to be "confined" to each other. This can be used to 



explain the old puzzling data of Ref. [19| where it was observed that binary galaxies 



attract each other with forces stronger than those exerted by their disks. On the 
other hand, distant galaxies can and should be located inside distinct domain walls. 
Then, the logarithmic potential between them will not be present and they will be 
interacting by means of Newtonian force. 



5 Other data 

Let us now check whether this type of domain wall scenarios are allowed by cosmo- 
logical and astrophysical data. 

• Domain Wall Domination 

First we have to make sure that the tension of the domain wall is small enough 
so that its contribution to the density of the Universe is not large and the 
evolution of the Universe is not domain wall dominated. The standard estimate 
[0] leads: 

QdW ~ 10-^GeV 3 • (3?) 

Given that ~ (10~ 33 — 10~ 32 ) GeV and assuming that Odw 1, we get 
T] < 10 13 GeV. 

• The CMBR anisotropy 

The presence of the domain wall network in the Universe would lead to an 
anisotropy in Cosmic Microwave Background Radiation. The CMBR temper- 
ature anisotropy 5T/T is measured with very high accuracy. Therefore, the 
anisotropy introduced by the domain walls should be constrained as follows: 

5T ffDW , -,^-4 



T H M 2 P 



< 10" 4 . (3£ 
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This gives rise to a more stringent bound on T], 



r] < 10 11 GeV. 

Note that if r\ is close to its upper bound, then the coupling constant A is 
extremely small, A ~ 10~ 88 . Therefore, self-interactions of the field are 
harmless. 

There are additional constraints which should be imposed on the mass and 
decay constant of 0. These come from: 

Star cooling 

Big Bang Nucleosynthesis 

In the former case one must make sure that the stars do not cool too fast 
due to the emission of energy in the form of the light quanta. Moreover, 
for the purpose of successful BBN the decay — > 77 should be suppressed 
enough to avoid overproduction of entropy which would spoil the standard 
BBN scenario. Using the analysis of pi one can see that the scalar field with 



the mass m d ~ 10 32 to 10 33 GeV and the constant M* ~ 10 2 M P satisfies 
these constraints. 



6 Cosmological evolution 

A few words are in order regarding the cosmology of the "dilatonic" wall formation. 
The domain walls that can survive till the present epoch must have been formed 
after the inflation. This implies that the discrete symmetry must be restored either 
during the inflation or, at least, during reheating. For the "dilatonic" type walls 
under consideration this issue is somewhat subtle, as we will now discuss. 

First, during the inflation the VEV of cannot vanish, due to the fact that 
expectation value of 9£ is nonzero and it generates a tadpole for the field. As a 
result, the pre-existing domain walls would be inflated away. If the only coupling 
to matter is through the term e^l M * the symmetry cannot be restored after 
reheating either, since the thermal average of the 6^ vanishes and is never in the 
thermal equilibrium. Thus, we are left with no walls. 

A way out would be to add some additional, Zjv-preserving interactions which 
would couple to matter fields that are in thermal equilibrium during reheating. 
Let X be such scalar matter field. Then the relevant interaction is 

X 4 . (39) 



Mp 



We choose the sign of this coupling to be positive. Although is not in the equilib- 
rium, the above coupling generates an effective potential for it, which can restore the 
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symmetry. The relevant diagrams are "butterfly" diagrams with two X loops and 
external legs pi]. Each X loop contributes a T 2 factor (T being the temperature), 



so that the resulting effective operator in the free energy has the form 

rp4. 



(.2 



My 



(40) 



with the positive coefficient. Since in the radiation dominated epoch ~ H 2 , 
the field <fi gets a positive mass term of the order of the Hubble parameter. At the 
same time, there is no tadpole since 0£ vanishes. Thus, the discrete symmetry may 
be restored until the zero temperature potential starts dominating again, and the 
phase transition takes place with the subsequent wall formation. 

Note that the coupling (|39|), if included in a non- universal way, can induce an 
unacceptably large zero-temperature mass renormalization of <f), which should be 
readjusted to zero along with the possible quantum gravity corrections. This does 
not add additional fine-tuning to the model. 



7 Comments on the literature 

It should be noted that models with ultralight (pseudo)Goldstone bosons devel- 
oping domain walls and characterized by phase transitions at late time, after the 
decoupling of the microwave background, had been suggested long ago The 
Compton wave length of the ultralight boson considered, was in the ballpark of 1 
to 100 Mpc, its mass being protected by a continuous U(l) symmetry, of which the 
ultralight boson in question is the Goldstone boson. It was found that this set-up 
may be helpful from the phenomenological standpoint, for the large-scale structure 
formation, a welcome feature. 

While this model shares certain common elements with ours, differences are cru- 
cial. The main distinction is that the coupling of the ultralight boson P2[ with 



fermions is nonuniversal and pseudoscalar (which, naturally, does not allow for co- 
herent effects inherent to the dilaton universally coupled to the trace of the energy- 
momentum tensor) It remains to be seen whether our dilaton-based model enjoys 
the same favorable environment for the large-scale structure formation as that of 



Ref. 22 



An ad hoc logarithmic long-range potential coupled to baryon number, as a 
possible explanation of the constancy of the rotational curves, was also discussed 
in p4l - Since this potential was assumed to exist in the three-dimensional bulk, 



this led to irreconcilable contradictions with the microlensing data. The authors 
themselves noted that their construction was ruled out. None of the drawbacks of 



24| exist in our scheme. 



6 CP violation might turn the pseudoscalar coupling into scalar p3[ . The amount of CP viola- 
tion is severely limited, however, by the neutron dipole moment data. 
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8 Discussion 



We presented a scenario in which spiral galaxies have their natural habitat inside 
very fat domain walls. The existence of these walls gives rise to trapping of matter 
within the wall which may provide a natural explanation for the very formation of 
flat spiral galaxies. In addition, a scalar particle living on the walls (zero modes), 
generates a logarithmic potential which takes over the Newtonian 1/r at distances 
> 10 22 cm. This explains the constancy of the tails of the rotational curves in the 
spiral galaxies. 

Although our mechanism ensuring a logarithmic component in the attraction 
potential of matter is very simple, surprisingly it seemed to escape attention of the 
previous investigators. As far as we can see, it contradicts no existing data. How- 
ever, there are several issues which should be studied further. Among those are 
the questions: Are there subtler effects which might limit the applicability of this 
mechanism? Do "exceptional" galaxies which are perpendicular to the walls exist? 
Is there a place in this picture for elliptic galaxies and galaxy clusters? (Near the 
junctions?) Could the velocity dispersion in the elliptic galaxies be explained by 
the presence of dark baryons alone? All these questions should be analyzed fur- 
ther. However, since these issues cannot be studied analytically, but rather require 
involved numerical simulations, we did not address them here. 

To our mind, a hint that there might be some truth in the suggested picture is 
the remarkable numerical proximity of the parameter M* obtained in Sec. 4 from 
the galactic parameters, to the Planck scale. It is unlikely that it is accidental. 
Another positive feature that makes us optimistic is the fact that we found a set-up 
ensuring "almost no renormalization" environment for the ultralight scalar (at least, 
as far as the SM loops are concerned). The universal coupling to the trace of the 
energy-momentum tensor, in conjunction with the scale Ward identities, provides a 
natural protection. The parameters of the scale symmetry breaking in the dilaton 
sector we need for the success of the model are such that this protection is operative. 

We would like to stress that the mechanism outlined in the present paper can be 
confronted with experiment in the near future. Indeed, the coupling of the field to 
matter is suppressed with respect to the gravitational coupling only by a three to four 
orders of magnitude. This is a borderline where the equivalence principle, as well 
as relativistic gravitational effects, are tested experimentally. Further improvements 
in the measurements by one or two orders of magnitude could be decisive for this 
proposal. 



There is another tantalizing experimental possibility \25\. Assume, in a given spi 



ral galaxy two independent measurements are performed: gravitational lensing and 
the rotational curve. One could reconstruct the dark matter distribution that would 
fit the result of the gravitational lensing measurement. Assume the reconstruction 
has sufficient precision that would enable one to say that the amount of dark matter 
obtained from gravitational lensing is insufficient to describe the rotational curve. 
This would be a very strong argument in favor of our conjecture. 
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